It is known that the cross-correlation function (CCF) of a partially coherent vortex (PCV) beam shows a robust link with the radial and azimuthal mode indices. However, the previous proposals are difficult to measure the CCF in practical system, especially in the case of astronomical objects. In this letter, we demonstrate experimentally that the Hanbury Brown and Twiss effect can be used to measure the mode indices of the original vortex beam and investigate the relationship between the spatial coherent width and the characterization of CCF of a PCV beam. The technique we exploit is quite efficient and robust, and it may be useful in the field of free space communication and astronomy which are related to the photon's orbital angular momentum.
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In 1992, L. Allen et al.
1 pointed out that beam with spiral phase distribution of exp(ilϕ) carries an orbital angular momentum (OAM) of l , where l is an integer which denotes the azimuthal mode index (topological charge), and ϕ is the azimuthal coordinate. Beam with this kind of phase structure is also called vortex beam. Vortex beam has been widely studied in the last two decades and found a lot of applications, such as optical tweezers 2 , spiral phase contrast microscopy 3 . Since the values of l is theoretically unlimited, OAM states construct an infinite dimensional Hilbert space, and it exhibits great potential for applications in the field of quantum information process 4, 5 , free-space information transfer and communications [6] [7] [8] . Despite the extensive applications, determining the topological charge l of OAM state remains an intriguing problem, and a lot of methods has been proposed. Such as MachZehnder interferometer 9 , diffraction pattern with specific masks [10] [11] [12] [13] [21] [22] [23] , the authors revealed the linkage between the mode indices and the cross correlation function (CCF) of a PCV beam, and they also discussed the spatial coherence on determining the mode indices of a PCV beam.
Also, there has been interest in the use of spatial modes, such beams carrying OAM, as an additional degree of freedom to increase the available information bandwidth for free-space communication. Because a large Hilbert space is helpful to improve the security of cryptographic keys transmitted with a quantum key distribution system 33 . Since the important application of free space communication, the effects of propagation through random aberrations (atmospheric turbua) Electronic mail: zhangpei@mail.ustc.edu.cn lence) on coherence for single-photon communication systems based on orbital angular momentum states are also investigated 32, [34] [35] [36] . However, determining the mode indices of a PCV beam is still difficult. In Refs.
17,23 , the authors experimentally used a wavefront folding interferometer to measure the mode indices of a PCV beam. When the size of PCV beam is large compared to the measuring instrument, their scheme is difficult be used to measure the cross-correlation function. Meanwhile, the interference pattern in their results is complex and the visibility is low, which is difficult to characterize the mode indices from the experimental results. In this letter, we experimentally prove that the mode indices of a PCV beam can be measured efficiently through a Hanbury Brown and Twiss (HBT) type experiment which was firstly used in the field of astronomy 37, 38 . An incoherent or partially coherent source both tend to emit photons together (bunching) with enhanced photon number fluctuations relative to classical expectations (super-Poisson statistics). This kind of bunching effect was firstly measured in the experiment of observing the second-order temporal and spatial intensity correlations of star light by Hanbury Brown and Twiss 37, 38 . It was believed that the nontrivial HBT correlation is caused by the measured intensity fluctuations of the thermal light. In the HBT experiment, the second-order correlation function is expressed as
where ... denotes the ensemble average, I( r 1 ) and I( r 2 ) are the intensity at spatial point r 1 and r 2 , respectively. Γ( r 1 , r 2 ) is the mutual coherence function (MCF) of the light source. Since the second-order correlation function in Eq.
(1) can be easily obtained by the coincidence measurement of two detectors, we may get the mode indices of PCV beam from the measured magnitude square of MCF, |Γ( r 1 , r 2 )| 2 .
Laguerre-Gaussian (LG) modes are circularly symmetric and structurally stable solutions of the paraxial wave equation. The electromagnetic field amplitude of LG modes in z = 0 is given by
where r and ϕ are the radial and azimuthal coordinates, respectively. p is the radial mode index, and l is the azimuthal mode index which describes the phase structure. w 0 denotes the waist width and L |l| p (...) is the generalised Laguerre polynomial. A partially coherent LG beam can be generated by propagating the coherent LG beam through a rotating ground glass disk (GGD). It is well known that the statistical distribution 39 of the generated beam corresponds to a Gaussian-Schell correlator C( r 1 , r 2 
, where σ g represents the transverse spatial coherence width. Combining Eq. (2) with C( r 1 , r 2 ), the MCF of the partially coherent LG at source plane z = 0 can be expressed as
After propagating a distance z in the far field, the MCF can be written as
where k is the wave number. As we known, the far field CCF, Γ ′ c ( r ′ , − r ′ ), shows a closed relationship with the topological charge of the original vortex beam, and it has been proved that the CCF will maintain the dislocation rings. The blue-dash line in Figs. 1 (a)-(c) show some simulation results of the far field one dimensional CCF for mode indices p = 0, l = 1, 2, 3 LG beams. In the simulation, the waist width to spatial coherence width ratio is set as w 0 /σ g = 0.5. It is straightforward to find that the number of dislocation rings in the Γ ′ c ( r ′ , − r ′ ) is equal to the value of azimuthal mode index l of the LG mode.
Since the direct measurement of the CCF is troublesome, we will discuss and measure the |Γ The experimental setup which uses the HBT effect to measure the mode indices of a PCV beam is shown in Fig. 2 (a) . A coherent Gaussian beam is generated from the He-Ne laser with wavelength λ = 633 nm, then it is focused on a GGD by lens L 1 . The angular velocity of the GGD is kept at ω = π rad/s, and the spatial coherence width σ g can be controlled by changing the distance between lens L 1 and GGD. Lens L 2 and pinhole P 1 are used to collimated the partially coherent beam after the GGD. Then the beam is filtered by a polarization beam splitter (PBS) to the horizontal polarization to match the requirement of phase spatial light modulator (SLM). Figs. 2 (b) and (c) display the example computergenerated hologram gratings 40 which are imprint on the phase SLM (Hamamatsu model X10468) to generate the partially coherent LG beam. The gratings correspond to mode indices (p = 0, l = 1) and (p = 1, l = 2), respectively. The waist width w 0 of partially coherent LG can also be handily controlled by changing the gratings on computer, and the average full width at half maximum of the speckles is 0.34 mm. The first-order diffracted beam is selected out by a pinhole P 2 , and the intensity pattern is recorded by a charge-coupled device (CCD). The CCD is a 1040 × 1392 array of 6.45 × 6.45 µm 2 pixels, and the measurement is made with an exposure time of 0.2 ms to guarantee that the acquired images are temporally incoherent. The field on the plane of the CCD can be regarded as the partially coherent LG beam. Instead of using two point detectors for the coincidence measurement of the second-order correlation function in Eq. (1), a CCD is used here to recorded the intensity pattern and then analyse the second-order correlation on computer 41 . Fig. 2 (a) , we record N = 5000 frames of images in each experiment. According to definition of intensity correlation in Eq. (1), the recorded data for the magnitude square of CCF are processed as follows
where I i ( r) is the ith frame of intensity distribution on the CCD plane and r denotes the pixel coordinate of the CCD. Before recording the data for |Γ ′ c ( r ′ , − r ′ )| 2 , the CCD is placed beforehand on the plane of the SLM in Fig. 2 (a) to measure spatial coherent width σ g . Fig. 3 shows the theoretically and experimentally obtained two dimensional |Γ the simulated and experimental results with LG mode p = 0, l = 1, and they are corresponded to 4 typical waist width to spatial coherence width ratios. The experimental patterns agree well with the theoretical distributions. From Fig. 4 we can see that the bright spot in the center of the |Γ ′ c ( r ′ , − r ′ )| 2 will gradually diminish in radius as the increase of the spatial coherent width, and eventually vanish in the situation of a coherent LG beam. On the contrary, the outside rings also will be too blurry to be invisible as the spatial coherence of the beam become quite low. The high and low coherence cases are shown in Figs. 4 (e) and (h), respectively. In both of these two situations, it might be difficult to count the number of dislocation rings for low contrast ratio.
Experimental results of magnitude square of the cross correlation function for the higher-order partially coherent Laguerre-Gaussian modes. Their waist width to spatial coherence width ratios are w0/σg = 0.5. To show the picture clearly, we reduce the contrast of the picture by setting the values of |Γ
In Ref. 23 , the authors investigated the linkage between the number of dislocation rings Ω in the far-field cross correlation function and the mode indices of a partially coherent LG beam, and they showed that Ω = 2p + |l|. Their experiments demonstrated that the spatial correlation singularity still exist even for a non-vortex (l = 0) partially coherent beam if the radial index p is nonzero. Likewise, we experimentally prove the relationship Ω = 2p + |l| for some higher-order partially coherent LG beams with waist width to spatial coherence width ratios to be w 0 /σ g = 0.5, and the results are shown in Fig. 5 which have high visibility. Figs. 5 (a) and (d) show the |Γ ′ c ( r ′ , − r ′ )| 2 of non-vortex partially coherent LG beam with radial index p = 1 and p = 2, respectively. It is obvious that the spatial correlation singularity still exists and the number of dislocation rings is 2p. We also measured the |Γ ′ c ( r ′ , − r ′ )| 2 of higher-order partially coherent LG modes which are shown in Figs. 5 (b), (c) , (e), (f). A desirable results in the experiment are achieved, and it is easy to count the number of dislocation rings as Ω = 2p + |l|.
In conclusion, we experimentally show the relationship between the number of dislocation rings of the magnitude square of the CCF and the radial and azimuthal mode indices (p, l) of a PCV beam through a HBT type experiment, and our results prove that the number of dislocation rings is identical to 2p + |l|. We also investigate the effect of spatial coherent width on determining the mode indices of the PCV beams. Our method offers a powerful tool to investigate the character of the MCF of a PCV beam and determine the mode indices of the PCV beam, which is efficient and robust in practical measurement system because only the HBT type setup is used to get the second-order intensity correlation. It has potential applications in the field of free space communication and astronomical research with the photon's OAM degree of freedom, especially in the situation with non-ignorable effect of atmospheric turbulence scattering medium. 
